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Introduction
Localization-related epilepsy is increasingly recognized and investigated as a network disorder (Spencer, 2002; Bartolomei et al., 2013 Bartolomei et al., , 2017 Stefan and Lopes Da Silva, 2013) . Knowledge of the implications of this broadly distributed network is crucial to advance our understanding of the pathophysiology and improve the treatment of patients with refractory epilepsy. Despite extensive use of methods aimed at measuring network connectivity with both functional and structural metrics, our understanding of the macroscale network organization in epilepsy remains incomplete (Richardson, 2012; Bernhardt et al., 2013; Duncan et al., 2016) . Particularly, it remains largely unknown whether epilepsy results from or contributes to the identified connectivity changes demonstrated in numerous studies using diffusion tensor imaging (DTI), diffusion spectrum imaging (DSI) and tractography in drug-resistant localization-related epilepsy (Thivard et al., 2005; Rodrigo et al., 2007; Yogarajah and Duncan, 2008; Concha et al., 2009) . Initial demonstrations of increased interictal diffusivity and decreased anisotropy on diffusion-weighted imaging (DWI) (Wieshmann et al., 1999) and DTI Rugg-Gunn et al., 2001 ) paved the way for many studies that followed. However, the lack of specificity of these diffusivity changes to depict epileptogenic regions has also been demonstrated in early studies (Guye et al., 2007) . Nevertheless, the use of DTI and subsequently tract reconstruction by tractography has fundamentally changed our understanding of drug-resistant localization-related epilepsy as brain network disorders. These analytic tools, used as a surrogate marker for anatomic white matter fibre density, have enabled the identification of broadly distributed diffusion changes and white matter fibre tract disruption well beyond regions involved in seizure generation to include pathology at the whole-brain level, not just within brain regions responsible for seizure onset (Concha et al., 2005 (Concha et al., , 2007 Gross et al., 2006; Guye et al., 2007; Chen et al., 2008; Govindan et al., 2008; Kim et al., 2008 Kim et al., , 2010 Kim et al., , 2013 Lin et al., 2008; Nilsson et al., 2008; Bonilha et al., 2010; Riley et al., 2010; Campos et al., 2015) . Furthermore, disruption of whole-brain connectivity has been demonstrated in temporal lobe epilepsy (Besson et al., 2014a) . These findings have also been linked to cognitive deficits via altered associative fibre connectivity (Riley et al., 2010; Braakman et al., 2012) , particularly involving memory Stretton et al., 2013; Winston et al., 2013; McDonald et al., 2014; Voets et al., 2015) and language networks (Briellmann et al., 2003; McDonald et al., 2008; Ellmore et al., 2010; Widjaja et al., 2013b) . A relation with disease duration or age at onset has also been hypothesized (Lin et al., 2008; Chiang et al., 2016) . Given these relationships, the loss of structural connectivity on the whole-brain level demonstrated by DTI and tractography were understood to be a consequence of epilepsy. Recent tractography studies have expanded this viewpoint proposing a predictive value of these connectome alterations on surgical outcomes (Bonilha et al., 2013; Munsell et al., 2015; Keller et al., 2016) , suggesting that these connectivity patterns may also contribute to the overall pathophysiology of epilepsy.
Despite the extensive use of DTI in epilepsy, no study has specifically investigated the structural (re)organization characterizing the epileptogenic network as defined by invasive recordings. It therefore remains unknown if the patterns of changes seen in structural connectivity in epilepsy are closely related to seizure activity and/or interictal epileptiform abnormalities. In other terms, is there a link between structural connectivity and the pathological organization of the epileptogenic network?
To study structural connectivity in relation to epileptic activities, we applied a novel method of high-resolution structural connectivity analysis using both a whole-brain and region-based approach, each informed by regions identified by stereotactic-EEG (SEEG) monitoring in patients with drug-resistant localization-related epilepsy.
Materials and methods

Subjects
Fifteen patients [mean AE standard deviation (SD) age: 36.1 AE 11.3 years, eight females] with intractable epilepsy followed at the epilepsy unit of La Timone hospital, Marseille, France, between November 2009 and January 2014 were included in this study. All patients underwent comprehensive presurgical evaluation including detailed history and neurological examination, neuropsychological testing, MRI and scalp EEG. Based on the findings of their non-invasive evaluation, all patients were referred for SEEG implantation for further seizure localization. Ten patients were referred for surgical treatment based on the results of their intracranial evaluation. Follow-up ranged from 1.5 to 4 years with a mean of 3 AE 0.9 years. Five patients became seizure-free (Engel class I), one patient had rare disabling seizures (Engel class II), two patients had worthwhile improvement (Engel class III) and two had no worthwhile improvement (Engel class IV). Clinical features of the patients are provided in Supplementary  Table 1 .
Comparisons were performed against 36 healthy subjects (mean AE SD age: 31.2 AE 8.5 years, 19 females) matched for age (P40.2, Student t-test) and gender (P40.9, chi-square test), with no history of neurological or psychiatric disease. This study was approved by the local ethics committee, in agreement with the Declaration of Helsinki, and informed written consent was obtained for all patients and healthy participants.
Image acquisition
Magnetic resonance acquisitions were performed on a 3 T Siemens Verio scanner at the Center for Magnetic Resonance in Biology and Medicine (CRMBM) in Marseille, France. The protocol included a rapid gradient echo anatomical T 1 -weighted image (3D-MPRAGE, repetition time = 1900 ms, echo time = 2.19 ms, inversion time = 900 ms, voxel size = 1 Â 1 Â 1 mm 3 ) and diffusion-weighted images using a single-shot echo planar imaging (EPI) sequence (repetition time/echo time = 10 700/95 ms) with 64 directions of the diffusion gradient (b = 1000 s/mm 2 , 60 contiguous slices, voxel size = 2 Â 2 Â 2 mm 
Image processing
Anatomical T 1 -weighted images were processed with Freesurfer (v5.3, https://surfer.nmr.mgh.harvard.edu). This included preprocessing steps such as bias field correction, signal and spatial normalization, skull stripping and brain tissues segmentation (Dale et al., 1999) . Cortical surfaces were extracted, topologically verified, parameterized and registered to a common surface space using a non-rigid registration procedure minimizing surface curvature differences across individuals (Fischl et al., 1999a,b) .
Seven grey matter structures (nucleus accumbens, amygdala, caudate nucleus, hippocampus, pallidum, putamen and thalamus) were segmented automatically using FSL FIRST (Patenaude et al., 2011) and converted to smooth surface meshes using spherical harmonics with point distribution model (SPHARM-PDM) (Styner et al., 2006) . The parameterized meshes were then registered to a corresponding surface template using the same registration algorithm as was used for the cortical surfaces (Fischl et al., 1999b; Besson et al., 2014b) .
Each DWI dataset was linearly aligned to its corresponding b = 0 s/mm 2 image (b0) to correct for head motion and Eddy currents using FSL (http://fsl.fmrib.ox.ac.uk/fsl). Geometric distortions inherent to EPI acquisition scheme were corrected using an approach similar to work previously published (Besson et al., 2014a) . Briefly, CSF maps were obtained by segmenting b0 and T 1 images using SPM12 (http://www.fil. ion.ucl.ac.uk/spm/software/spm12), then the CSF mask from the b0 image was rigidly and non-linearly registered with the CSF mask obtained from the T 1 image using the advanced normalization tools (ANTS, http://stnava.github.io/ANTs) (Avants et al., 2008) . Gradient directions were rotated according to the rotation of the rigid transformation. Finally, DWIs were unwrapped using the obtained transformation and resampled to T 1 space but their voxel size was left to 2 mm isotropic.
Tractography was performed using the MRtrix software package (MRtrix3, https://github.com/MRtrix3/mrtrix3). In brief, the point spread function was estimated using highly anisotropic voxels and this was used to refine fibre orientation distribution function (fODF) at each voxel with the constrained spherical deconvolution framework (CSD) (Tournier et al., 2007) . Fibre tracts were generated using the probabilistic algorithm iFOD2 that sampled fODF at each step (Behrens et al., 2003; Tournier et al., 2010) . Tracking parameters such as step size (1 mm), minimum fibre length (10 mm), maximum angle between consecutive steps (45 ) and a fODF cutoff value (0.1) were left to their default values. The tracking mask was the combination of all grey matter structures and the 1-mm dilated white matter mask (to ensure termination of fibre tracts in the cortical grey matter). Seeds were placed at random within the tracking mask and tracking was terminated if fibres reached the mask's border. A total of 10 000 000 streamlines (fibre tracts) were generated.
Construction of structural connectomes
Structural connectomes were obtained using the high-resolution structural connectome (HRSC) framework, which has been shown to provide good intra-and inter-subject reliability (Besson et al., 2014b (Besson et al., , 2017 . In this framework, surface models of the cortex and subcortical structures are generated. These models are composed of $500 000 triangular units, each representing an average surface area of 0.4 mm 2 . These triangles therefore provide a spatially dense sampling of the grey/white matter interface and are used as nodes in the calculation of the structural connectome. For each subject, the HRSC was obtained in the common surface space by applying the following steps: (i) computation of the incidence matrix in native space by determining intersections between any fibre tract and any triangle; (ii) registration of the incidence matrix to the common surface space, providing intersection between the fibre tracts and the triangles of the common surface; (iii) surface blurring of the registered incidence matrix with a kernel of size full-width at half-maximum = 3.3 mm, accounting for slight misregistrations or anatomic variations across individuals; and (iv) calculation of the connectivity matrix in the common surface space (defined as the fibre tract density across each pair of triangles after correcting the number of fibre tracts for a given triangle's area). Resulting connectivity matrices were symmetrical (non-oriented graph) and self-connections were removed by setting elements of the main diagonal to 0.
As a result, an HRSC was obtained for each subject in the common surface space, which was composed of 58 880 nodes, each representing the triangles of the template surfaces (average area 3.1 mm 2 for the cortex and 1.0 mm 2 for the grey matter structures). Anatomical correspondence across subjects was ensured by surface-based registration and the effect of slight misalignments was reduced by subsequent surface smoothing (Besson et al., 2014b) . Aberrant or spurious connections were excluded by setting connections present in 575% of healthy subjects to zero (Besson et al., 2014a) . Cortical surface triangles not located within the cortex (but rather located within Freesurfer's medial wall) were automatically removed from analysis, as well as triangles of the caudate surfaces spreading along the lateral ventricles by computing the intersection between caudate surfaces and 1-mm dilated lateral ventricles mask provided by Freesurfer (Besson et al., 2014b) . Finally, connectivity was corrected for age, gender and global connectivity using linear regression using only non-zero connections in healthy subjects.
Electrode definition and localization
Each SEEG implanted electrode contact was defined as belonging to one of three regions based on the interpretation of the expert epileptologist (F.B.) and according to the methodology used in previous studies, including the calculation of the Epileptogenicity Index (for review see Bartolomei et al., 2017) . These regions were the (i) epileptogenic zone (EZ SEEG ), defined as those electrodes demonstrating initial seizure activity; (ii) propagation zone (PZ SEEG ) defined as those electrodes demonstrating subsequent seizure activity following initial seizure onset; and (iii) brain regions not involved with epileptiform activity (NIZ SEEG ) defined as those electrodes not found to demonstrate electrical abnormality (Guye et al., 2007) . All patients underwent either a post-implantation volumetric CT scan or T 1 -weighted MRI for co-registration with the pre-implantation T 1 -weighted image for SEEG electrode localization.
Zone-based analysis
Three zones were defined for connectivity analysis based on the clinical SEEG interpretation. The EZ was defined as including all cortical and subcortical surface triangles within 10 mm around an electrode contact found to be within the EZ SEEG . A 10-mm radius was selected for this due to the mapped spatial sensitivity of electrode contacts commonly used in clinical practice (Haglund et al., 1994; Sanai et al., 2008) and further confirmed by computational simulations (Cosandier-Rimélé et al., 2012) . The PZ was similarly defined to include all cortical and subcortical triangles within 10 mm of an electrode contact found to be within the PZ SEEG . All remaining triangles not assigned to either EZ or PZ were grouped to form a third zone (non-involved zone, NIZ), which was a conglomerate of all other brain regions. Distances from electrodes were mapped on native surfaces, registered to the common surface space and thresholded at 10 mm to define membership in each zone, respectively. This ensured anatomical correspondence between patients and healthy controls allowing the zones defined in each patient to be mapped in healthy controls for further comparison (Fig. 1) .
Individual analysis
Structural connectivity within and between EZ, PZ and NIZ was examined at the individual level for each subject comparing structural connectivity between the three regions of interest. Intra-and inter-region connectivity weights were obtained by summing up age and gender corrected HRSC connectivity across all triangles encompassed within each region of interest. Connectivity strengths were obtained for a total of six connections for each patient, three of which assessed intra-regional structural connectivity (EZ/EZ, PZ/PZ and NIZ/NIZ) and three of which assessed inter-regional structural connectivity (EZ/PZ, EZ/NIZ and PZ/NIZ). Connectivity strengths were calculated for the same six connections in controls using the regions of interest defined in each patient. Z-scores were then calculated for each patient's connections compared against the corresponding connections in all healthy subjects. Figure 1 Definition of epileptic zones. Stereo-EEG electrode contacts of a single patient within the epileptogenic zone were isolated and plotted along with transparent cortical and grey matter structure surfaces (A) to compute native space distance between surface triangles and electrode contacts (B), distance map was registered and mapped in common surface space (C), and final EZ was obtained by thresholding distance map at 10 mm (pink area in D). The area of this region was defined as the sum of the area of all included triangles.
Group analysis
Group comparison of structural connectivity across the three regions of interest was performed to identify possible systematic and subtle connectivity changes among patients compared to healthy control subjects. However, to account for size and location variability across regions of interest, connectivity weights had to be normalized across subjects. Given the six connectivity weights obtained from each patient and the corresponding set of six connectivity weights from the 36 healthy subjects, patient's normalized connectivity weights were obtained by Z-scoring each weight with respect to corresponding structural connectivity weight distribution among healthy subjects as was done in the individual analysis. Normalization of healthy subjects' structural connectivity weights was done using a leave-one-out procedure, Z-scoring a control's structural connectivity weights with respect to all other corresponding controls' weights. Significant Z-scored structural connectivity group differences were identified using a block bootstrap two-tail test procedure (accounting for dependant measures in healthy controls) under the null hypothesis of equal means and unequal variances (Efron and Tibshirani, 1993; Chernick et al., 2011) . P-values were obtained after one million random samplings, then corrected for multiple comparisons using false-discovery rate (FDR) (Benjamini and Hochberg, 1995) . Supplementary Fig. 1 provides a flowchart detailing these methods.
Clinical correlation analysis
The effects of age at disease onset and duration of epilepsy on structural connectivity were assessed using the general linear model
where Z is a patient's structural connectivity Z-scored with respect to controls. This approach allowed us to investigate the effect of one clinical feature (age at disease onset or disease duration) corrected for the other. Another general linear model was used to identify potential connectivity differences between patients achieving Engel class I post-surgical outcome and those achieving Engel class II, III and IV outcomes.
Whole-brain analysis
Whole-brain analysis was performed at the subject level on processed HRSC matrices without prior SEEG knowledge in order to identify all abnormal connections in epileptic patients individually compared to healthy subjects. This was conducted using a two-step process as illustrated in Supplementary Fig. 2 .
Step 1: Connection-wise thresholding
Connection anomalies between individual patients and all healthy subjects were determined by calculating Z-scores for each connection with respect to healthy controls, taking into account only non-zero connections. Z-scores for missing connections in patients were considered non-informative therefore, a connection absent in the patient and present in all healthy subjects was considered abnormally decreased; conversely, a connection present in the patient and absent in all healthy subjects was considered abnormally increased. When the Zscore could be defined, we placed the abnormality threshold at 5. Connection-wise Z-scores in the healthy subjects were obtained using a leave-one-out procedure.
Step 2: Cluster-wise thresholding
Anatomically contiguous surface triangles (sharing at least one vertex) affected by connections identified in Step 1 were grouped into clusters for further comparison across patients, maintaining distinction between those clusters formed by increased connections or decreased connections as illustrated in Fig. 2 . Note that clusters are a collection of contiguous triangles affected by abnormal connectivity, regardless of the remote location of abnormal connections. Clusters were weighted by the number of connections linked to them (i.e. connection degree), and signed negatively or positively based on whether the cluster was formed by decreased or increased connections, respectively. The significance level was based on clusters' weights and was placed to control the family-wise error rate at a two-tail significance level of 0.05. Clusters' weight null distribution was obtained by thresholding leave-one-out Z-scores of the healthy subjects, identifying clusters and determining their weights. The area and anatomical location of each cluster were reported. Clusters overlapping the epileptic and/or propagation zones were identified as such and the extent of overlap was quantified by two measurements. Specificity to the epileptic or propagation zones was measured by the area overlap ratio
where A C is the area of the cluster C and A C\R is the area of the overlap between C and a region of interest R. Sensitivity to the epileptic or propagation regions was measured by the overall coverage index
where C i f g is the set of clusters overlapping the region R (Fig. 3) . Statistical comparisons were handled by two-tailed ANOVA.
Finally, we assigned network relevance to the topographical distribution of clusters relative to a previously published functional atlas of cortical areas (Yeo et al., 2011; Buckner et al., 2013) . The degree to which each network was affected across patients was calculated by computing cortical prevalence maps of clusters of connectivity increases and decreases. Thresholding these maps at the 20% level to capture trends across patients, a network involvement index was calculated at the group level representing the anatomical distribution of the most frequently disconnected cortical areas relative to their functional network atlas assignment. This provides the information of 'which functional networks are preferentially disconnected' calculated as follows:
where F is a functional network of the atlas, t is a triangle of F, A t is the area of t and P t is its prevalence. The denominator is the sum of all triangle areas weighted by their prevalence and is a normalization term such that P F NI F ¼ 1. We also defined the proportion of functional network involvement as the ratio between the most frequently disconnected cortical areas and the total area of their assigned functional network. This provides the information of 'how much of each network is affected' calculated as follows:
where A F is the total area of the functional network F.
Results
Zone-based analysis
On average, the area of the EZ was (mean AE SD) 985. ). Results of individual and group analyses are shown in Table 1 and illustrated in Fig. 4 . Setting the Z-score threshold for abnormal connections to two, we identified 13 decreased zonebased connections and two increased zone-based connections in patients compared to controls. A more conservative Zscore threshold of three results in three decreased zonebased connections and no increased zone-based connections.
Group analysis identified significantly decreased structural connectivity between EZ/NIZ, PZ/NIZ and NIZ/ NIZ. No significant structural connectivity differences were found either within or between EZ and PZ at the group level when compared to controls.
Correlation analysis did not reveal any significant relationship between age at disease onset, disease duration or post-surgical Engel class on structural connectivity findings.
Whole-brain analysis
The statistical significance of clusters' weights was determined using a leave-one-out procedure in healthy controls. The family-wise error rate was set at 0.05, therefore accepting two false positives among controls.
A total of 133 clusters of significantly decreased structural connectivity were identified across all patients (mean AE SD = 8.8 AE 4.1, range: 1-15 clusters for each individual patient). One cluster of significantly increased structural connectivity was identified in a single patient.
The average area of decreased connectivity clusters was 379.5 AE 382.9 mm 2 (range: 21.5-2271.5 mm 2 ). All patients with unilateral seizure onset had clusters of decreased connectivity in both hemispheres, 63/103 (61%) clusters were ipsilateral and 40/103 (39%) contralateral to the seizure onset region. The 30 remaining clusters were found in the four patients who were found to have bilateral seizure onset. No significant difference was found between ipsilateral and contralateral clusters with regard to surface area. The single cluster of increased connectivity had an area of 4288.5 mm 2 and was found in the hemisphere ipsilateral to EZ.
Clusters of decreased connectivity overlapped with the EZ or PZ in 9/15 patients (60%), showing a moderate sensitivity to the epilepsy network. This overlap involved 35/92 (38%) clusters found in these nine patients. Among the overlapping clusters, 13/35 (37%) overlapped the EZ only, 14/35 (40%) overlapped the PZ only, and 8/35 (23%) overlapped both the EZ and PZ. The single cluster of increased connectivity overlapped both the EZ and PZ.
The average ratio of overlap between clusters of decreased connectivity and the EZ and/or PZ was 25.0 AE 24.1% (range: 1.1-100%) indicating a poor specificity to the epilepsy network. The average coverage index (representing the degree of cluster overlap) for the EZ was 36.0 AE 28.1% (range: 8.9-96.2%) and for the PZ was 15.6 AE 10.8% (range: 1.5-35.6%). The ratio of overlap between the single cluster of increased connectivity was 26% for the EZ and 10% for the PZ. The coverage index for the EZ was 40.7% and for the PZ was 21.8%. Figure 5 illustrates the results of the whole-brain analysis for a single patient. The prevalence map of clusters of decreased connectivity (thresholded at 20% prevalence) is shown in Fig. 6 . Comparing this map to the functional atlas defined by Yeo et al. (2011) , network involvement indices and the proportion of each network involved were calculated and are reported in Table 2 . The salience network was found to be the most affected functional network with a network involvement index of 31.8%. The salience network was also the most affected network with 13.5% of its total area affected in more than 20% of patients. The default mode and frontoparietal control networks were also frequently involved across patients with network involvement indices of 25.1% and 19.6%, respectively. The proportion of network involvement was 6.9% and 8.1% for the default mode and frontoparietal control networks, respectively.
Discussion
In this study, we performed surface modelling of the cortex and subcortical grey matter structures combined with highresolution structural connectivity analysis that allowed SEEG-informed zone-based as well as whole-brain analysis. At the group level, zone-based analysis showed that structural connectivity was significantly decreased beyond epileptic regions but preserved within the epileptogenic network (including the EZ and PZ). Whole-brain analysis also showed significantly decreased structural connectivity across all patients with only a single cluster of increased structural connectivity in a single patient. In concordance with zone-based analysis, clusters of significantly decreased Figure 5 Whole-brain analysis for an individual patient. (A) The cluster analysis revealed 15 significantly disconnected clusters. Eleven of them were located on the right, ipsilateral to the seizure focus, and were involved the superior and middle temporal gyri, inferior fronto-parietal cortex, basal temporal cortex, antero-lateral frontal pole, posterior cingulate gyrus, hippocampus, amygdala, caudate (2), putamen and thalamus. Four clusters were on the left, contralateral to the seizure focus, and were located in the posterior cingulate gyrus, hippocampus, caudate and putamen. EZs (B) and PZs (C) identified by SEEG and mapped on the surfaces. The EZ was overlapped by five clusters which covered 44.5% of the zone and had an average overlap ratio of 44.4% (range: 10-100%). The PZ was overlapped by four clusters for a coverage index of 20.5% and an average overlap ratio of 19.2%. structural connectivity were neither sensitive nor specific for epileptic zones and only partly overlapped with them. Conversely, clusters of decreased structural connectivity consistently involved specific functional networks (default mode and salience in particular) despite the heterogeneity of this group.
Widespread decreased structural connectivity affects functional networks beyond epileptic regions
When performing whole-brain structural connectivity analysis to identify global connectivity patterns in patients with epilepsy, we identified widespread decreased white matter fibre tract density. Previous studies also suggest profound reorganization of structural connectivity in epileptic patients. Widespread and diffuse disconnections extending far beyond the epileptogenic region and often encompassing parts of the hemisphere contralateral to the seizure focus have been demonstrated using many connectivity measures (Concha et al., 2005 (Concha et al., , 2007 Chen et al., 2008; Govindan et al., 2008; Lin et al., 2008; Nilsson et al., 2008; Bonilha et al., 2010; Riley et al., 2010; Kim et al., 2013; Besson et al., 2014a; Sinha et al., 2017) . More surprisingly, we also found that the topographic distribution of these disconnected clusters was variable at the single subject level but demonstrated notable consistencies across patients. Specifically, when these clusters were assigned network involvement based on commonly accepted functional network distributions, brain regions recognized Basal frontal/temporopolar network comprising basal frontal cortex and temporal poles bilaterally, originally referred to as the 'Limbic' network by Yeo et al. (2011) .
to be included in the salience network, including the bilateral insulae and/or anterior cingulate gyri, were found to be the most commonly affected among patients. The cingulate gyri have previously been found to be variably disconnected in different clinical subtypes of epilepsy suggesting a possible association between individual epilepsy pathologic processes and the loss of structural connectivity although larger sample sizes will be required to explore this further (Campos et al., 2015) . The next two most commonly represented networks to demonstrate decreased structural connectivity were the default mode network followed by the frontoparietal control network. Alterations of the default mode network has been reported many times in temporal lobe epilepsy (Zhang et al., 2010; Pittau et al., 2012; Voets et al., 2012; DeSalvo et al., 2014; Douw et al., 2015) but only more recently has salience network impairment been associated with temporal lobe epilepsy as well (de Campos et al., 2016) . This is the first description of decreased structural connectivity involving all three of the critical attentional networks including the salience, default mode and fronto-parietal networks. Our findings are consistent with previous reports of default mode and salience network involvement but suggest that the involvement of these two networks extends beyond temporal lobe epilepsy to include multiple aetiologies of extratemporal epilepsy as well. This consistent pattern of disconnection supports the notions of network fragility in these highly connected and metabolically demanding functional networks and is in line with the recent hypothesis of hub vulnerability in epilepsy and other neurological diseases (van den Heuvel and Sporns, 2013; Crossley et al., 2014; Bernhardt et al., 2015) . Interestingly, only a moderate spatial overlap was found between clusters of decreased structural connectivity and SEEG seizure onset and propagation suggesting a non-specific nature to this white matter fibre tract alteration. These findings together support the notion of widespread marked structural disintegration in epilepsy, primarily involving central hubs of multimodal large-scale systems.
Maintained structural connectivity in the epileptogenic network may sustain seizure organization and propagation Analysis of structural connectivity between nodes of the epilepsy network determined by SEEG identifies rather subtle changes at the individual level but far more significant findings at the group level. The first of these group level findings is normal structural connectivity between regions directly involved in seizure generation (EZ) and propagation (PZ). This is particularly interesting in the context of the second group level finding, which is that of widespread disconnections when looking at fibres connecting both epileptogenic and propagated regions with remote, non-epileptogenic regions. Taken together, this suggests that the relatively normal connectivity between pathological regions of the brain may in fact represent pathologically hyper-connected regions at the expense of connectivity with the remainder of the brain.
In line with our results, a few studies have also demonstrated so-called 'paradoxical' increased structural connectivity involving the limbic system (Bonilha et al., 2012) or more widespread regions in temporal lobe epilepsy (DeSalvo et al., 2014) , in addition to widespread decreased structural connectivity, by using network efficiency and/or clustering metrics from graph theoretical analysis of structural connectivity. Increased structural connectivity between the affected hippocampus and the thalamus have also been shown in temporal lobe epilepsy (Dinkelacker et al., 2015) . The relative conservation of structural connectivity within the epileptogenic network (i.e. within the EZ, PZ and between the EZ and PZ) is also concordant with increased or maintained functional connectivity in epileptic regions contrasting with widespread decreased functional connectivity in functional networks (Bettus et al., 2008; Englot et al., 2015; Ridley et al., 2015) , even if functional connectivity changes in epileptic networks can be more complex with inter-modality discrepancies (Bettus et al., 2009 (Bettus et al., , 2011 Ridley et al., 2017) . These parallels between structural and functional connectivity changes echo the increased structure-function relationship that our group has found in right temporal lobe epilepsy (Wirsich et al., 2016) and others have found in generalized epilepsy (Zhang et al., 2011) . This supports the notion of an enhanced interdependency between structural connectivity and functional connectivity in epilepsy.
Recent studies using computational models informed by empiric structural connectivity also suggest that patient-specific anatomy constrains seizure organization (Hutchings et al., 2015; Jirsa et al., 2017; Proix et al., 2017) . Indeed, using a computational model informed by whole-brain structural connectivity, Proix et al. recently demonstrated that only patient-specific diffusion tractography allowed a reliable prediction of seizure propagation in each patient.
Clinical and pathophysiological implications
The usefulness of DTI in drug-resistant localization-related epilepsy in the clinical setting is well established. Indeed, it can help identify invisible lesions in MRI-negative patients (Duning et al., 2010; Bernasconi et al., 2011; Whelan et al., 2015) or better define the extent of focal cortical dysplasias (Widjaja et al., 2009) . Its application to presurgical planning is also well demonstrated (Nimsky et al., 2005; Powell et al., 2005; Duffau et al., 2008; Rodrigo et al., 2008; Taoka et al., 2008; Chen et al., 2009; Yogarajah et al., 2009; McDonald et al., 2010; Winston et al., 2012; Borius et al., 2014; Jeong et al., 2014 Jeong et al., , 2015 . Here we provide new insights into the local and global brain changes in epilepsy as demonstrated by structural connectivity.
We also identify functional relevance to these neuroanatomical relationships. The reciprocal attentional features of the salience, default mode and fronto-parietal control networks cannot be overlooked and their disintegration in epilepsy may suggest some pathophysiological mechanism underlying the cognitive and behavioural alterations commonly co-incident with epilepsy. These three networks represent a central core of cognition and attention and have been implicated in a variety of neurological and psychiatric diseases including autism, schizophrenia, anxiety and depression . The association between the salience network and autism is particularly compelling given the higher prevalence of autism spectrum disorders both in patients with epilepsy as well as in their siblings and offspring (in the absence of co-morbid epilepsy) suggesting a possible shared aetiology between the two disease processes (Sundelin et al., 2016) .
Whether these structural connectivity disruptions are related to seizures or pre-existing insults remains unknown. The fact that clusters of decreased structural connectivity involve regions outside the usual propagation pathways suggests these changes may result from something beyond the impact of seizures only. Nevertheless, significant changes in diffusion-weighted findings have been identified specifically related to drug-resistant localization-related epilepsy compared to remittent or benign partial epilepsy (Widjaja et al., 2013a; Amarreh et al., 2014; Labate et al., 2015) . The progressive nature of such structural changes also remains incompletely understood. Indeed, contrary to other studies (Keller et al., 2012) , we did not identify a link between duration of epilepsy and structural connectivity alterations.
Beyond the potential pathophysiological, neuropsychological and psychiatric implications of these findings, the widespread structural changes identified herein also have implications on the surgical management of epilepsy. Diffuse involvement of remote brain regions in epilepsy calls into question the adequacy of our current surgical methodologies of focal resections, ablation or cytoreduction by other means. Understanding the far-reaching connectivity alterations in epilepsy can help guide innovation in the development of novel surgical methods or devices that may address epilepsy on a broader scale than what is currently available.
In conclusion, SEEG-informed high-resolution structural connectome analyses demonstrate consistent structural connectivity disruptions in functional networks beyond the epileptic network in which structural connectivity is relatively preserved. Thus, the altered connectivity profile in drug-resistant localization-related epilepsy seems not only to reflect the pathological impact of epilepsy on the brain as a whole but also on the organization of the epilepsy network. 
